Objectives: The Blueprint (BP) Programmed Death Ligand 1 (PD-L1) Immunohistochemistry Comparability Project is a pivotal academic/professional society and industrial collaboration to assess the feasibility of harmonizing the clinical use of five independently developed commercial PD-L1 immunohistochemistry assays. The goal of BP phase 2 (BP2) was to validate the results obtained in BP phase 1 by using real-world clinical lung cancer samples.
Methods: BP2 were conducted using 81 lung cancer specimens of various histological and sample types, stained with all five trial-validated PD-L1 assays (22C3, 28-8, SP142, SP263, and 73-10); the slides were evaluated by an international panel of pathologists. BP2 also assessed the reliability of PD-L1 scoring by using digital images, and samples prepared for cytological examination. PD-L1 expression was assessed for percentage (tumor proportional score) of tumor cell (TC) and immune cell areas showing PD-L1 staining, with TCs scored continuously or categorically with the cutoffs used in checkpoint inhibitor trials.
Results: The BP2 results showed highly comparable staining by the 22C3, 28-8 and SP263 assays; less sensitivity with the SP142 assay; and higher sensitivity with the 73-10 assay to detect PD-L1 expression on TCs. Glass slide and digital image scorings were highly concordant (Pearson correlation >0.96). There was very strong reliability among pathologists in TC PD-L1 scoring with all assays (overall intraclass correlation coefficient [ICC] ¼ 0.86-0.93), poor reliability in IC PD-L1 scoring (overall ICC ¼ 0. 18-0.19) , and good agreement in assessing PD-L1 status on cytological cell block materials (ICC ¼ 0.78-0.85).
Conclusion: BP2 consolidates the analytical evidence for interchangeability of the 22C3, 28-8, and SP263 assays and lower sensitivity of the SP142 assay for determining tumor proportion score on TCs and demonstrates greater sensitivity of the 73-10 assay compared with that of the other assays.
Introduction
Immune checkpoint inhibitor therapies targeting the programmed death 1/programmed death ligand 1 (PD-L1) pathway have become part of the standard of care in oncology. 1 At least five inhibitors (nivolumab, pembrolizumab, atezolizumab, durvalumab, and avelumab) have been approved by drug regulatory bodies in one or more countries for the treatment of several tumor types and for various indications. For patients with advanced NSCLC without driver mutations (e.g., EGFR, ALK receptor tyrosine kinase gene [ALK] , ROS1, and BRAF) that are treatable by approved targeted therapies, nivolumab, pembrolizumab, and atezolizumab are all available as second-line treatment with (for pembrolizumab) or without (for nivolumab and atezolizumab) biomarker selection. Pembrolizumab is available for first-line monotherapy but only in patients with high PD-L1 expression, 2, 3 and in some countries, for use in combination with chemotherapy without any biomarker selection. Importantly, almost all clinical trials involving these inhibitors have demonstrated consistent correlation between their response rates and outcomes and the tumor cell (TC) PD-L1 expression levels, as measured by PD-L1 immunohistochemistry (IHC). Therefore, despite the fact that only pembrolizumab requires a PD-L1 IHC assay as a companion diagnostic to determine patient eligibility for treatment as approved by the U.S. Food and Drug Administration and the European Medicines Agency, PD-L1 IHC has also been established as a complementary diagnostic for nivolumab and atezolizumab to determine NSCLC patient eligibility, respectively. 4, 5 As each PD-L1 IHC assay was independently developed for specific anti-programmed death 1/PD-L1 therapy using a different PD-L1 diagnostic assays (primary antibody clone plus immunostaining platform/ protocol), each assay potentially demonstrates distinct staining properties, which could prohibit the interchangeability of their clinical use. This would pose a significant challenge for pathology laboratories to offer PD-L1 testing, both from laboratory resources and budgetary points of view. Several groups have conducted studies to assess the comparability of the various PD-L1 IHC assays and their potential interchangeability in clinical adoption, [6] [7] [8] [9] [10] [11] with all the studies demonstrating similar results. The results from the Blueprint (BP) phase 1 (BP1) study demonstrated that three PD-L1 assays (22C3, 28-8, and SP263) showed comparable analytical performance for assessment of PD-L1 expression on TCs, whereas the SP-142 PD-L1 assay appeared to stain fewer TCs compared with the other assays. 7 In contrast, all the assays stained tumorinfiltrating immune cells (ICs), but with poor concordance between assays. The BP-1 study had several limitations: (1) samples were obtained from a commercial source and did not necessarily reflect the real-world samples tested clinically, and (2) only three pathologists were involved in the scoring. Since the BP1 study, a fifth PD-L1 assay, which uses the 73-10 clone, has been developed as a potential assay for avelumab.
The goals of BP phase 2 (BP2) were to have a large international panel of clinically active pathologists (1) validate the assay comparability results obtained in BP1 by using real-world clinical lung cancer samples and all five trial-validated PD-L1 assays (22C3, 28-8, SP142, SP263, and 73-10), (2) assess the feasibility of PD-L1 scoring using digital images accessed by a web-based system, and (3) assess the reliability to score PD-L1 expression by using samples prepared for cytologic examination.
Materials and Methods

Materials
Using the respective institutional research ethics board approval, 18 pathologists contributed eight unstained serial sections prepared from paraffin blocks of 81 lung cancer cases that they had collected through their routine clinical practice. The final cases included 39 adenocarcinomas, 26 squamous cell carcinomas, six poorly differentiated non-small cell carcinomas, and 10 small cell carcinomas (Supplementary Table 1 ). The cases included 21 resections, 20 core needle or bronchial biopsy samples, 18 tumor-positive lymph node excision biopsy or resection samples, and 22 cytological cell blocks.
The PD-L1 IHC 22C3 pharmDx and PD-L1 28-8 pharmDx assays were purchased from Dako (Heverlee, Belgium). The Ventana PD-L1 (SP142) assay and Ventana PD-L1 (SP263) assay were purchased from Ventana (Tucson, AZ). The 73-10 antibody was provided by EMD Serono/Merck KGaA/Pfizer through Dako/Agilent together with its staining protocol (see below).
PD-L1 IHC Staining
Each slide set of 81 cases was stained in a Clinical Laboratory Improvement Amendments-approved IHC laboratory HistoGeneX (Antwerp, Belgium) with use of the U.S. Food and Drug Administration-approved 22C3, 28-8, SP142, and SP263 assays and their respective protocols, which are detailed in the product inserts and autostainers (Dako Autostainer Link48 for the 22C3, 28-8 and 73-10 assays and Ventana BenchMark Ultra for the SP142 and SP263 assays). The PD-L1 73-10 assay was the protocol developed by Dako/Agilent (Santa Clara, CA) for the clinical trials of avelumab and transferred to the HistoGeneX. All immunostained slides and matching hematoxylin and eosin-stained sections were scanned with a Pannoramic 250 Flash III digital scanner (3DHISTECH, Budapest, Hungary) at Â20 magnification, and the scanned images were uploaded and scored on the International Association for the Study of Lung Cancer (IASLC) server in Denver, Colorado. Digital scoring was performed by accessing these images with use of the Pathomation Digital Pathology System (HistoGeneX).
Scoring of PD-L1 Assays
The slides were scored by 24 experienced pulmonary pathologists (IASLC Pathology Committee members) from 15 countries across five continents. Because only some rather than all participants had received companysponsored assay-specific training, all participants were required to undergo 1.5 days of prestudy group training by two experts from HistoGeneX for the scoring of PD-L1 IHC on TCs and ICs as part of this project. As PD-L1 scoring on TCs is identical for all assays, training on TC scoring was not assay specific. Greater effort was devoted to training for IC scoring using SP-142-stained cases and the SP142 IC scoring algorithm. PD-L1-stained TCs were scored in terms of the tumor proportion score (TPS), which represents the best estimated percentage (0%-100%) of TCs showing partial or complete membranous PD-L1 staining and also into one of seven categories (<1%, 1%-4%, 5%-9%, 10%-24%, 25%-49%, 50%-79%, and 80%-100%). These categories represent cutoffs that have been used in various immune checkpoint inhibitor trials or suggested by the sponsors (e.g., !80% for avelumab). All assays were also scored for IC PD-L1 staining on the basis of a pattern scoring method that was developed by HistoGeneX, adapted from the scoring approach described in the Ventana SP142 PD-L1 IHC assay brochure, and detailed in Supplementary Fig. 1 . As only one set of glass slides was available for each assay, each IASLC pathologist and one of the trainers were randomly assigned to conduct the scoring of two assays with use of a microscope (glass slide reading) and the scoring of three assays with use of webbased digital images. The trainer's scores were used as the standard reference score set.
Statistical Analyses
The intraclass correlation coefficient (ICC) was used to assess scoring reliability for continuous TPS scores, and the Fleiss k statistic (FKS) was used for categorical scores after dichotomization based on specified cutoffs. ICCs between 0.75 and 0.9 and those greater than 0.9 were considered to indicate good and excellent reliability, respectively. 12 FKS scores of 0.9 or higher were considered near perfect, scores of 0.80 to 0.89 were considered strong, scores of 0.70 to 0.79 were considered moderate, and scores of 0.40 to 0.69 were considered weak. 13 The reliability of PD-L1 scoring served as an assessment across all pathologists (excluding the trainer) to compare for each assay and separately for digital and glass image scores. The mean TPS of all the pathologists was used to assess the reliability of their scoring relative to the trainer's score, and the Pearson correlation and a graphical approach were used to assess the agreement of digital versus glass slide scoring as described by Bland and Altman. 14 
Results
At the cutoff date for completion of scoring, 114 data sets were available for analyses. These include 50 data sets from glass slide scoring (two assays by 24 IASLC pathologists and one trainer) and 74 data sets from digital image scoring (three assays by 23 IASLC pathologists and five assays by the trainer).
Reliability of Pathologists to Score TC PD-L1 Expression
Overall, the ICC among all pathologists for glass slide reading ranged from 0.88 to 0.93, and the ICC for digital image reading ranged from 0.80 to 0.91, demonstrating very good to excellent reliability (Table 1) . Comparable or slightly improved scores were obtained when only scores from NSCLC tissue were analyzed after exclusion of scores for small cell and cytological samples. Highlevel reliability (k > 0.7) was also demonstrated with use of k statistics at the various cutoffs, especially those of at least 5%, 10%, 25%, and 50%, for both glass slide and digital readings ( Fig. 1 and Supplementary Fig. 2 ). Reliability was, however, slightly diminished at the 1% and 80% cutoffs, especially by digital image reading. We further demonstrated (by using the trainer's scores as a reference) that the pathologists' scores were strongly comparable ( Supplementary Fig. 3 ).
Comparability of TC PD-L1 Scoring by Digital Image versus Glass Slide Readings
Because of logistic and time line challenges, it was not possible to obtain matching digital and glass slide scores from each pathologist. Therefore, to assess the reliability of PD-L1 scoring by digital images compared with that of the standard microscopic assessment on glass slides, we used two statistical methods, with the means of scores by both methods used for each assay. Both Pearson correlation and Bolt and Altman's methods demonstrated very high correlation and agreement between the two methods of reading PD-L1 IHC results ( Supplementary Fig. 4 and 5) . These results justify the pooling of all data regardless of scoring method in subsequent analyses.
Comparability of PD-L1 Staining between Five Assays of TC Staining
The mean values of the TPS scores across all readers (including that of the trainer) with use of the pooled digital and glass slide scores were derived for each assay and plotted across the samples (Fig. 2A) . Three assays (22C3, 28-8 and SP263) showed close approximation between their respective best-fit curves. In contrast, the SP142 assay showed less sensitivity (lower TPS scores) whereas the 73-10 assay showed greater sensitivity (higher TPS scores) to detect PD-L1 expression in the same samples. Comparable results were noted for both the cohort comprising the whole sample and the cohort that excluded small cell carcinoma and cytological samples. Figure 3 shows a representative case that demonstrates the similarities and differences at microscopy levels in staining intensity. Pairwise comparison demonstrated the closest similarity between the 22C3 and 28-8 assays and consistently greater sensitivity for the 73-10 assay versus the 22C3, 28-8, and SP263 assays (Fig. 2B) . The SP263 curve and the Bland and Altman plots do infer a slightly greater sensitivity in staining when compared with the 22C3 and 28-8 curves (Fig. 2B and Supplementary Figs. 6 and 7) .
Reliability of Pathologists to Score IC PD-L1 Expression
As IC scoring for PD-L1 could be done only on tissue sections, we focused the analyses on NSCLC tissue samples only, excluding the cytological aspirate samples. Furthermore, as IC was scored categorically, the FKS was used to assess interpathologist scoring reliability. The FKS among all pathologists for glass slide reading ranged from 0.11 to 0.28, and the FKS for digital image reading ranged from 0.08 to 0.27, demonstrating overall poor agreement for assessment of PD-L1 staining on ICs with use of the system adopted in this study (Supplementary  Table 2 and Supplementary Fig. 8 ). With both approaches, the highest overall reliability was achieved with the SP-142 assay (FKS ¼ 0.27-0.28). There was weak to moderate agreement in scoring IC PD-L1 staining with use of glass slide versus digital scoring, and among pathologists versus the trainer. Interestingly, moderate to strong agreement between pathologists versus the trainer was achieved for SP142 for distinguishing IC0 versus IC1, 2, and 3, but the agreements for higher IC categories were diminished (see Supplementary Fig. 8 ).
Comparability of PD-L1 Staining between the Five Assays of IC Staining
Among the five assays, the distribution of IC scores among three assays (22C3, 28-8, and SP263) were comparable. In contrast, the 73-10 and SP142 assays showed greater and lesser staining of the IC, respectively, compared with the other three assays (Supplementary Fig. 9 ).
Reliability of PD-L1 Scoring on TCs in Cytological Samples
Overall, the ICCs among all pathologists for reading cytological samples were good, both for glass slide (0.78) and digital (0.85) readings (Supplementary Table 3 ). However, they were slightly lower than the ICCs for NSCLC tissue-only samples (0.89 and 0.93, respectively) (see Table 1 ). Comparable moderate levels of agreement (most with k > 0.6) were noted at all cutoff levels (Fig. 4) , but overall, these ICCs were lower than those achieved in noncytological NSCLC tissue samples (see Fig. 1 and Supplementary Fig. 2 ).
Discussion
This BP2 study using lung cancer diagnostic samples encountered in routine clinical pathology practice has further confirmed that three of the five currently available PD-L1 IHC assays (22C3 DAKO pharmDx, 28-8 DAKO pharmDx, and Ventana SP263) show comparable staining characteristics on TCs, whereas the Ventana SP142 assay shows less sensitivity and the DAKO pharmDx 73-10 IHC assay shows higher sensitivity to detect PD-L1 expression. We have also demonstrated that among a large group of pulmonary pathologists, the overall reliability or agreement in scoring PD-L1 was very strong, especially on NSCLC tissue section samples (overall ICC > 0.89). In contrast, we have shown that despite group training, scoring IC PD-L1 staining levels remains challenging, with low ICCs and poor k scores for all IC groups. Lastly, although the number of cases was limited and the result is considered preliminary, we observed moderate agreement in the pathologists' assessment of PD-L1 status in needle aspirate cell block specimens.
There have been several studies comparing the analytical performance of the commercially available PD-L1 IHC assays. 4 Although the designs, number, and type of samples and the number of pathologists involved in these studies have varied, practically all of them have reported high concordance in TC staining between the 22C3, 28-8, and SP263 assays. Almost all of the published studies, including BP1, 7 have used resected NSCLC tissue. To our knowledge, BP2 is the first study to use a mixture of samples that are routinely encountered in clinical practice, including core needle/bronchial and lymph node biopsy, resection, and needle aspirate biopsy samples for cytological evaluation. We also included SCLC samples in our design, as at the time, the prevalence of PD-L1 expression in this type of tumor was unknown. However, of the 10 SCLC samples, only one showed staining for PD-L1, which is consistent with the reported PD-L1 expression in SCLC. 15, 16 It is important to note that none of the assays are currently approved to assess PD-L1 expression in SCLC. Although this study was not designed to assess the distribution of PD-L1 expression across lung cancer cases, our samples included the full range of PD-L1 expression levels and reflect the frequency of PD-L1-negative cases, especially when lower-stage, surgically resected cases are included ( Supplementary Fig. 10 ).
BP1 results showed that the 22C3, 28-8, and SP263 assays had comparable sensitivity to detect PD-L1 expression on TCs, which is consistent with the results of three other studies, 6,9,11 whereas the SP142 assay showed significantly less sensitivity. Furthermore, in both BP1 and a study by Ratcliffe, 8 90% or higher levels of agreement were achieved when staining of the same tumor sample was performed by using the SP263 assay versus the 22C3 or 28-8 assays and the scoring was conducted by one pathologist. Perhaps because of these comparisons, the SP263 PD-L1 IHC assay is European Conformity-marked and available as a biomarker of nivolumab and pembrolizumab in Europe. However, our results detected slightly greater sensitivity for the SP263 assay than for the 22C3 and 28-8 assays. It should be noted that both Scheel et al. 6 and Hendry et al. 10 also detected slightly greater sensitivity of SP263 compared with that of the 22C3 and 28-8 assays. Whether this difference significantly affects the number of PD-L1-positive cases seen at lower cutoffs (e.g., 1%) or has an impact on clinical response rates remains to be determined ( Supplementary Fig. 11 ). In one study, the significant impact in terms of more patients over threshold was seen only for the 1% cutoff. 10 Fujimoto et al. 17 recently also reported good analytical concordance between the 22C3, 28-8, and SP263 assays (weighted k coefficient ¼ 0.64-0.55) on 40 samples from patients who had been treated with nivolumab; however, they did not observe the higher staining sensitivity of the SP263 assay than with the 22C3 or 28-8 assays, and the three assays demonstrated equivalent predictive performance of response to nivolumab with use of receiver operating characteristic analysis with an area under the curve of 0.75 to 0.82.
BP2 is the first publication to compare the staining characteristics of the 73-10 assay with those of the other four existing PD-L1 assays and show greater sensitivity of the 73-10 assay compared with that of all the other assays. The implications of a significantly more sensitive assay are still to be clarified, but the transferability of such an assay for general use in selecting patients for treatment with agents other than avelumab must be in question, at least with the data currently available. In the EMR100070-005 trial, avelumab was used in first-line treatment of NSCLC patient cohort selected on the basis of being above the 80% cutoff with use of the 73-10 assay. Supplementary Figure 11 shows that although the numbers are small, those patients above this 80% cutoff with use of the 73-10 assay are well matched to the cohort selected by being above the 50% cutoff according to the 22C3 assay. More data are undoubtedly required, but this raises the possibility of alternate biomarker/ algorithm selection for avelumab.
In contrast to the other assays' scoring algorithm, the assessment of PD-L1 staining on ICs in lung cancer is included only in the scoring algorithm of the SP142 PD-L1 IHC assay. The IC score is estimated as a percentage of tumor area (intratumoral and peritumoral desmoplastic stroma) with an IC infiltrate that shows PD-L1 staining regardless of the type of ICs (except macrophages in entrapped lung alveoli). With use of this approach, several studies, including BP1, have previously reported greater variability and poor interpathologist concordance in the scoring of IC PD-L1 expression, 6, 7, [9] [10] [11] with ICCs or k values around 0.2. An alternate method (see Supplementary Fig. 1 ) that is still faithful to the concept of infiltrated tumor area but based on patterns of PD-L1-positive IC infiltrate has been proposed for scoring PD-L1 IC expression. As the SP142 assay often demonstrates a rather unique punctate type of staining not seen in other assays, we tested the feasibility of applying this approach to IC staining to the other assays in the BP2 project. The results demonstrate that reliability when NSCLC tissue sections were used was very poor (FKS ¼ 0.11-0.21) despite extra emphasis during the group training on this scoring system and higher k values for the SP142 assay (0.27-0.28). It is worth noting that the cases used in training included only large sections from resection samples, whereas this study included assessment of ICs in metastatic lymph node and core/bronchial biopsy samples. This could have had an impact on both the effectiveness and relevance of the training received and the reliability of IC scoring, as the assessment methods for ICs are dependent on the spatial distribution of ICs, which is difficult to assess on small samples. The results emphasize the significant challenges in incorporating IC score into routine clinical testing. We also noted that IC staining in the BP2 samples was slightly weaker with the SP142 assay than with the 22C3, 28-8, and SP263 assays, whereas staining with 73-10 was stronger. Although this result was not seen in BP1, it was noted in two other previous studies. 9, 10 If this observation is confirmed in other studies, the result strongly suggests noncomparability of the other assays for assessing IC staining on the basis of the SP142 scoring algorithm.
Two-thirds of patients present with advanced-stage NSCLC, and a common diagnostic approach for these patients includes cytological assessment of fine-needle aspiration biopsy or endobronchial ultrasound biopsy specimens. In some countries 50% or more of such patients will have only cytological samples available for diagnosis. 18 Unfortunately, none of the pivotal immune checkpoint inhibitor trials have included cytological specimens in their biomarker program to develop the companion PD-L1 IHC assays. Thus, strictly speaking, the current clinically used PD-L1 IHC assays have not been validated for all sample types encountered in their clinical application. Consequently, the diagnostic companies that commercialize the various PD-L1 assays have not recommended their use on cytological specimens, and the training offered to pathologists for these assays has not included examples of cytological specimens. Although many pathologists do not consider any difference in their approach to assessment of PD-L1 expression on TCs when using cytological cell block or tissue biopsy/resection sections, a few studies with small sample sizes have reported on the concordance of PD-L1 assessment on cytological versus matching surgical specimens. [19] [20] [21] [22] In this first part of the BP2 project, our results showed moderately good agreement (ICC ¼ 0.78-0.85 and k ¼ 0.6-0.85) among our group to score TC expression of PD-L1 in cytological samples. Further confirmation of this is awaited in the next phase of BP2, which will compare the concordance of PD-L1 scores from fine-needle aspirate samples versus from core biopsy samples versus from large section samples of the same lung resection specimen.
In conclusion, the BP2 results obtained by using reallife clinical lung cancer samples and scoring by 25 pathologists have further affirmed the results of BP1 and also demonstrate that the new 73-10 assay being developed for avelumab shows greater sensitivity in detecting PD-L1 expression than the other four assays do. We have also confirmed the reliability of PD-L1 scoring by digital images, which were used by a large group of pulmonary pathologists in assessing PD-L1 expression on TCs but not on ICs. Together with other published comparability studies, BP2 consolidates the evidence for interchangeability among three different assays (22C3, 28-8, and SP263) for use in scoring expression of PD-L1 on TCs (on the basis of TPS), allowing a range of cutoffs matched with their respective therapeutic agents to be considered from the assessment of a single PD-L1 IHC test. Studies of the heterogeneity of PD-L1 staining and comparison of the diagnostic values of large specimens versus those of small specimens versus those of cytological specimens from the same tumors are ongoing in Blueprint 2B.
